Adenosine 5'-(S)- [ 160,170, 80] , 1979; Tsai, 1979; Tsai et al., 1980) . In practice of course the 170 sites are not fully enriched, but since the isotopic composition will be known, the relative proportion of each isotopomer can be calculated for hydrolysis with retention and inversion of configuration, so that the stereochemical course of hydrolysis can be determined.
esterification, showed that the hydrolysis occurs with retention of configuration at phosphorus. The most likely explanation of this observation is that the enzymic hydrolysis involves a double displacement at phosphorus with a covalent nucleotidyl-enzyme intermediate on the reaction pathway.
The stereochemical course of hydrolysis catalysed by venom 5'-nucleotide phosphodiesterase (EC 3.1.4.1) (Crotalus adamanteus) has been investigated recently using adenosine 5'-[1-thioltriphosphate (isomer B, Rp at P<,) (Bryant & Benkovic, 1979 ) and adenosine 5'-O-(R)-[18O]phosphotothioate-O-p-nitrophenyl ester (Burgers et al., 1979a) . No evidence had been reported previously for a nucleotidyl-enzyme intermediate with this enzyme, so that it was of interest that hydrolysis occurred with retention of configuration at phosphorus. This evidence does not rigorously prove the involvement of a nucleotidyl-enzyme intermediate, since adjacent attack by water followed by a pseudorotation would also give retention of configuration at phosphorus. However stereochemical studies with phosphokinases and phosphomutases (Knowles, 1980; Lowe et al., 1981; Lowe & Potter, 1981a,b) . By performing the hydrolysis in H2170, and assuming for the moment complete isotopic enrichment, three isotopomers of AMP would be formed, only one of which is chiral (Scheme 1). The two achiral isotopomers however contain two 170 atoms so that all the isotopomers derived from them by cyclization and methylation will contain at least one 170 atom and their 31P resonances will not be observed in the 31P n.m.r. spectrum owing to the nuclear electric quadrupole moment of 170 (Lowe et al., 1979; Tsai, 1979; Tsai et al., 1980 (15ml) . The A260 of the solution fell sharply initially and eventually recovered to an equilibrium value at the termination of the reaction. EDTA (600 mg, 1.6 mmol) was then added and the solution was agitated with chloroform to denature the enzyme.
The aqueous layer was applied,to a column (40ml) of DEAE-Sephadex A-25, and the column was eluted with a linear gradient of triethylammonium hydrogen carbonate (200-600mM) over 24h with a flow rate of 110 ml/h, collecting fractions over 12min. The isotopomers of adenosine 5'-[a-160,170,'80ltriphosphate were eluted in fractions 24-56 centred at 320mM. The isolated yield was 0.53 mmol, 90%; the 31P n.m.r. spectrum is shown in Fig. 1 (40,umol) were converted to the monopyridinium salt by stirring with Dowex 50 (pyridinium form) in methanol/water (1:1, v/v) for 20min. After filtration, the solvent was removed from the filtrate, and the residual glass was suspended in methanol to which was added trioctylamine (19,ul, 40,umol) and the mixture was warmed until dissolution was complete. The solvent was removed and then dimethylformamide added and evaporated thrice. The residue was then cyclized and methylated as previously described for adenosine 5'-(S)- ['60,170,'80lphosphate (Jarvest et al., 1981) .
Results and discussion
Adenosine 5'-(S)-['60,170, 8Olphosphate was synthesized by the general route for chiral ['60,'70,'80 ]phosphate monoesters as described previously . The isotopic composition of the phosphorus [1701_ oxychloride used in the synthesis was 3.3 atom% 160, 43.5 atom% 17O, and 53.2 atom% 180 (determined by mass spectrometry after conversion to trimethylphosphate), and the chiral purity of the (1R,2S)-1,2-[ 1-1'80ldihydroxy-1,2-diphenylethane was also known (Lowe & Potter, 1981a ['60, '802IAMP, 46 .1%. From these data the isotopomeric composition can be calculated for the adenosine 5'-[a-160,170, 18Otriphos-phate obtained by the random pyrophosphorylation of the peripheral oxygens by adenylate kinase and pyruvate kinase (Scheme 1). The 31P n.m.r. spectrum (Fig. 1) Although it is possible to obtain the stereochemical information by hydrolysis of the isotopomers of adenosine 5 '-[a-_16,170'8O]triphosphate in H2160, there is an advantage in using H2170 for this purpose, since this will give greater discrimination in the 31P n.m.r. analysis between the alternative stereochemical courses of hydrolysis. For this reason the isotopomers of adenosine 5'-[a-160,170,18Oltriphosphate were hydrolysed by venom 5'-nucleoside phosphodiesterase in H2170 (3.3 atom% 160, 43.5 atom% 170, 53.2 atom% 180), and the percentage abundance of the isotopomers of AMP was calculated for hydrolysis with retention and inversion of configuration at phosphorus. The isotopomers of AMP were cyclized and methylated as described previously and the 3p n.m.r. spectrum is shown in Fig. 2 . The cyclization occurs with inversion of configuration at phosphorus (Burgers et al., 1979b; Jarvest & Lowe, 1980; and adenylate cyclase . In addition there are now four phosphokinases which have been shown to catalyse both thiophosphoryl and phosphoryl transfer with inversion of configuration, namely, glycerol kinase (Off et al., 1978; Blittler & Knowles, 1979; Pliura et al., 1980) , hexokinase (Orr et al., 1978; Lowe et al., 1981; Lowe & Potter, 1981a) , pyruvate kinase (Orr et al., 1978; Lowe et al., 1981) and polynucleotide kinase (Bryant et al., 1981; . It seems likely therefore that thiophosphate analogues will in general follow the same stereochemical course as does the natural substrate. However, now that the synthesis of chiral [160, 170, 18Olphosphate esters is established and analytical methods for determining their chirality have been developed, the much greater rate of transformation of the natural substrate will probably make the use of chiral phosphates advantageous, especially for enzymes which are difficult to obtain.
